Herbicide resistance has become a major problem in dryland cropping in Western Australia (WA), following the widespread and persistent use of herbicides for weed control. Contributing factors include the adoption of minimum and no-tillage systems, and reduced areas of pasture in favour of intensive cropping rotations. Persistent application of herbicides without the traditional weed control provided by cultivation and grazing has led to a high selection pressure for herbicide resistance on weed species such as annual ryegrass (Lolium rigidum) and wild radish (Raphanus raphanistrum) (Llewellyn and Powles 2001; Walsh et al. 2001) . For several reasons, including resistance, these 2 species are the most widespread and economically damaging weeds in this cropping region.
Introduction
Herbicide resistance has become a major problem in dryland cropping in Western Australia (WA), following the widespread and persistent use of herbicides for weed control. Contributing factors include the adoption of minimum and no-tillage systems, and reduced areas of pasture in favour of intensive cropping rotations. Persistent application of herbicides without the traditional weed control provided by cultivation and grazing has led to a high selection pressure for herbicide resistance on weed species such as annual ryegrass (Lolium rigidum) and wild radish (Raphanus raphanistrum) (Llewellyn and Powles 2001; Walsh et al. 2001) . For several reasons, including resistance, these 2 species are the most widespread and economically damaging weeds in this cropping region.
Farmers are managing herbicide-resistant weed populations by adopting integrated weed management (IWM) systems, which allow weed control with a range of non-herbicide techniques along with changed herbicide usage (Powles et al. 1997) . Non-herbicide methods range from delayed seeding and high crop seeding rates to seed catching at harvest and burning. Other options include the use of non-cropping phases in the rotation, for example the utilisation of a crop or pasture for hay, silage or manuring. Cutting for hay or silage can help in effective weed control before infesting weeds can produce seed. Another method used as a non-cropping phase is 'green manuring', which involves ploughing a growing crop or pasture (albeit weed infested) into the soil before any seed production can occur.
Green manuring provides highly effective weed control, increased nutrient availability in the following year, and improved soil organic matter (Hoyle 1999) , although the loss of a year's production involves a short-term economic sacrifice.
This study uses the bio-economic simulation model Multi-species RIM (resistance and integrated management) (Monjardino et al. 2003) to evaluate the value of haying and green manuring within a cropping-based system involving the integrated management of ryegrass and radish. In particular, the relationship between the current ryegrass and radish infestation and the long-term financial value of these practices is investigated. The focus is on 2 specific questions: (i) how large do the seed banks of annual ryegrass and wild radish need to be before it is worth introducing a noncropping phase; and (ii) how do key biological and economic variables affect these break-even weed densities?
The hypothesis is that the inclusion of a non-cropping phase in the rotation (in this case haying or green manuring) only pays off when weed seed bank numbers are particularly high.
Materials and methods

Multi-species RIM model
Multi-species RIM is a bio-economic model that simulates the population dynamics of annual ryegrass and wild radish over a 20-year period. It is a decision support tool designed specifically for the evaluation of various management strategies to control herbicideresistant weeds in dryland agriculture. The model includes a detailed representation of the biology of weeds, crops and pasture as well as the financial costs and returns of agricultural production and management. The user specifies the cropping-pasture and management sequences for the 20-year period and the model calculates the consequences with respect to crop yields, weed populations, resistance status and profitability (Monjardino et al. 2003) .
Weed biology. In the Multi-species RIM model, both weed seed production and expected crop yield after competition with the other species are calculated through the following equation first proposed by Firbank and Watkinson (1985) and later modified by Maxwell et al. (1990) , and Diggle et al. (1994) : typical of a dryland environment (Mediterranean-type climate) receiving 325-450 mm annual average rainfall.
Weed control. In the Multi-species RIM model there are 50 herbicide and non-herbicide control options available (for more details on each method, see Monjardino et al. 2003) : (i) 27 cropselective herbicide options for grass and broadleaved weeds (herbicides of high and moderate selection pressure); (ii) 6 non-selective herbicides (herbicides of low resistance risk); and (iii) 17 non-herbicide methods, including cultivation, delayed sowing, seed catching and stubble burning. Grazing during a pasture phase is another important nonherbicide option. Heavily weed-infested crops or pasture can be cut for hay-silage or used for green manuring.
The effect of each control strategy on weed mortality and seed set is specified for each enterprise (Monjardino et al. 2003) . Gill and Holmes (1997) , Gorddard et al. (1996) , Powles et al. (1997) , and Schmidt and Pannell (1996) have suggested that no one available method provides the optimal weed management strategy. Instead, a combination of a range of weed control methods can achieve very effective and sustainable weed control (IWM). Because control methods are conducted at different times, their combined impacts are considered to be multiplicative rather than additive (Pannell et al. 2004) . However, where 2 herbicides are applied in a tank mix at the same time, there may be additive impacts (Kudsk 1989) .
The Multi-species RIM model allows the user to specify the initial herbicide resistance status of ryegrass and wild radish with respect to each of 9 herbicide groups (modes of action).
Economic values. The model calculates costs, revenues, profit and net present value. It also includes complexities such as tax and longterm trends on prices and yields. Costs associated with cropping, pasture and various weed control options have been specified in detail. They account for costs of input purchasing; costs of machinery operating, maintenance and repayment; costs of contracting of labour for hay and silage making; and costs of crop insurance. There are also costs of crop yield penalty due to practices such as green manuring and delayed sowing, or contamination of the grain with wild radish seeds. Resource degradation costs associated with some non-herbicide methods such as cultivation and burning are also represented in the model. Economic returns from crops are based on sale prices for grain and hay. Net returns from sheep are specified as a long-term trend of gross margin per dry sheep equivalent ($11/dse), combining returns from wool and meat.
(
where Y is weed seed production or grain yield after competition, P 1 is the density of species 1 (e.g. crop), P 2 is the density of species 2 (e.g. ryegrass), P 3 is the density of species 3 (e.g. wild radish), m is the maximum yield produced in the absence of competition, k 2.1 is the competition factor of species 2 on species 1, k 3.1 is the competition factor of weed species 3 on species 1, and a is the background competition factor (density at which yield is half of its potential maximum). Parameter values for equation 1 are shown in Table 1 , along with other key biological factors, such as germination, mortality and production of seed (per cohort and according to time of sowing), that drive the pattern of weed population change over time (Tables 2 and 3) .
Enterprises. Multi-species RIM comprises a selection of 7 different enterprises, including four crops: wheat (Triticum aestivum), barley (Hordeum vulgare), canola (Brassica napus) (assumed to be a triazinetolerant variety) and lupins (Lupinus angustifolius); as well as 3 types of pasture for grazing by sheep: subterranean clover (Trifolium subterraneum), French serradella (Ornithopus sativus cv. Cadiz) and volunteer pasture (mixture of native species and volunteer crops and weeds). The sequence or rotation of crops and pasture over time is specified by the user. When any of these enterprises is chosen, production of grain, hay-silage or livestock-wool occurs. However, crop yield can be significantly reduced by weed competition. In addition, short rotations may affect potential crop yield (due to disease) as may some control methods, for example by delaying crop sowing or through phytotoxic damage by herbicides applied in-crop. Yield benefits provided by rotation with legume crops or pasture (due to nitrogen fixation) are also accounted for (Monjardino et al. 2003; Pannell et al. 2004) . Levels of production from crops and pastures are 
Weed management scenarios
Enterprise sequences. The value of non-cropping phases in the rotation was investigated for the following examples of enterprise sequences: (a) a barley-lupin-wheat-wheat rotation (BLWW); and (b) a barley-lupin-wheat-wheat rotation with a single 3-year French serradella pasture phase in years 9-11 (BLWW+ PPP) (thus 2 sequences of BLWW before the 3-year pasture phase).
The value of haying was evaluated when cut from barley in the first year only of the 20-year period of both rotations.
The analysis examined the value of green manuring lupins in the second year only of the 20-year period of both rotations. The fact that lupin grain is less valuable (in terms of gross returns per hectare) than that of cereals or canola, and that vegetative lupins have a high nitrogen content, means that lupins are better suited for green manuring than any of the other crops represented in multi-species RIM. Therefore, the rotations were arranged in such a way that lupins were always the greenmanured crop in year 2 of the 20-year sequence. The single pasture phase in rotation (b) was investigated, because it provides an alternative to the more radical approach of green manuring. A 3-year pasture phase allows for high levels of weed control without the use of selective herbicides, so this is likely to diminish the value of green manuring relative to an analysis based on continuous cropping.
The model was set at 400 ryegrass and 100 wild radish seeds/m 2 at the start of the simulation for all weed management scenarios. These Because the model is run over 20 years (t), annual net profit (ANP) must be discounted to make it comparable at the start of the modelled period. A real discount rate (r) of 5% per year is used for this purpose. The sum of discounted net profits or net present value (NPV) is the main economic criterion used to compare weed management strategies (equation 2). In results presented later it is expressed in an annualised form on a per hectare basis (annuity):
densities are considered average values across the field. The impact of different initial weed seed densities is investigated later in the paper.
Herbicide use. All cropping and pasture rotations were investigated for a scenario of herbicide use where a maximum of 2 herbicide applications of groups A and B (each) were available before complete herbicide resistance evolved in both ryegrass (groups A and B) and wild radish (group B). For all rotational scenarios, it was assumed that there were up to 10 applications available of each moderate-risk herbicide group (C, D, F and G) and up to 15 applications available of each lowrisk herbicide group (I, L and M). These assumptions about herbicide resistance status assume a past history of herbicide use in the field. See Appendix 1 for a more detailed description of the herbicides used in the model.
Non-herbicide methods. Complementing the strategies of haying, green manuring and herbicide application, many combinations of other control methods were investigated in order to find the best management systems. The range of IWM methods employed across the 6 rotational strategies is listed in Table 4 .
These strategies were identified in a simulation process of 'trial and error' and were selected on the basis of the optimal 20-year profit based on numerous simulation runs with different combinations of weed management parameters. A purposeful sample of all possible combinations of decision settings is the complete factorial analysis conducted below on the value of green manuring, resulting in the frequency distribution of net values. For the purpose of this study, the term 'optimal' refers to the strategy that produces the highest long-term profit (annuity) from within the dataset.
Results and discussion
As shown in Table 4 , all applications of groups A and B were used in the rotational sequences investigated. The use of simazine (group C) was generally greatest in rotations with a higher proportion of lupins. No more than 2 uses of groups D (trifluralin) and F and zero uses of group G were Economic value of haying and green manuring in IWM A Germination refers to percentage of total initial seed bank. The weed management strategy remained relatively constant across all rotations. Obvious differences were a decrease in the use of high crop seeding rates and harvest techniques in all rotations with any pasture. A decrease in the practice of delayed seeding was observed when more pasture was grown. Only minor differences were found between the strategies including and excluding hay or green manuring. An exception, however, was the non-use of croptopping (paraquat applied in-crop late in the growing season in lupins), swathing, seed-catching and windrowing in those crops that were sacrificed in the process of haying or green manuring. Table 5 shows the average annual returns over 20 years (annuities) and the final weed plant densities across all systems considered in this study. The best rotation in financial terms was the continuous cropping sequence, BLWW ($117/ha.year), closely followed by the same BLWW rotation with a 3-year pasture phase once during the 20-year simulation ($113/ha.year, respectively). Next in rank was the same continuous cropping sequence (BLWW), but with haying in the first year or green manuring in the second year ($108 and $106/ha.year, respectively). Weed numbers were kept low across most scenarios.
Haying
Net value of haying. The potential value of cutting a crop for hay so as to achieve zero weed seed production in that year was examined in the rotations BLWW with and without including a 3-year pasture phase in years 9-11. In both cases, barley was cut for hay in the first year of the 20-year sequence. As shown in Table 6 (based on Table 5 ), the haying phases in BLWW and BLWW+ PPP generated negative net values of -$9 and -$10/ha.year, respectively. Figure 1 illustrates the change in annual gross margins over the 20-year period for the BLWW rotation, with and without haying (results for BLWW+ PPP are similar). As expected, there was a significant difference in gross margins between the first year of the rotation with and without haying (-$114/ha/year) due to the loss of barley yield in that year. The barley would be harvested in the non-haying rotation (giving a net return of $61/ha.year). The benefits in later years from the haying operation in year 1 were small and clearly not sufficient to outweigh the large cost in year 1. Initial weed seed densities. A sensitivity analysis on the initial weed seed densities was further conducted for BLWW, with and without haying in year 1 of the rotation. The results (data not shown) indicate that the value of haying increased by $1-2/ha.year as the initial ryegrass seed bank went from 400 to 1600 seeds/m 2 , whereas it decreased by $1/ha.year when the radish seed bank was highest (400 seeds/m 2 ). These results indicate that haying is a more useful tool against ryegrass than against wild radish infestations. This is probably because of the lower seed dormancy of ryegrass, which allows haying to have a greater and more enduring effect on the seed bank.
Herbicide resistance status. Several scenarios of resistance status were investigated for the BLWW rotation in order to determine how the value of haying was affected by the level of herbicide resistance to all herbicide groups. Results are shown in Table 7 , where each column (I to VI) corresponds to a scenario involving a defined number of applications of each herbicide group (rows A to M).
As herbicide use was reduced, the value of haying increased by $9/ha.year across scenarios I to IV. The lower values obtained for haying in the last 2 scenarios (V and VI) result from a general low level of returns for both rotations, as weed control becomes very difficult to achieve with hardly any herbicides available. These results show that cutting a crop for hay in a long-term sequence may make a valuable contribution to profitability in situations of low herbicide availability due to herbicide resistance.
Break-even values. A simple break-even analysis was conducted on the sale price of hay for the rotations BLWW and BLWW+ PPP, with the first barley phase cut for hay. The hay option represented in RIM is assumed to be primarily for weed control, not hay of export quality (usually from oats) reaching high prices in the market. In this analysis it was found that the sale price of hay would have to increase from $26/t (model default price) to $56/t in BLWW and to $70/t in BLWW+ PPP for these scenarios to be as profitable as the continuous cropping sequence. Such a large increase in the price of hay is highly unlikely. So haying is likely to remain a relatively unattractive practice for most farmers across WA. Even if its weed control efficacy changed from 95 to 100%, the rotational value of haying would only increase by about $0.1/ha.year, which is not sufficient to justify its inclusion.
Green manuring
Green manuring was investigated for the rotations BLWW with and without including a 3-year pasture phase in years 9-11.
Weed densities. An example of model results showing variation in annual ryegrass and wild radish plant infestation in BLWW is illustrated in Figure 2 . Notably, the final weed densities in year 2 are similar with or without the use of green manuring. This may be considered surprising, given that manuring is such a highly effective means of weed control. However, in the non-manuring strategy, effective control is achieved by a combination of herbicides (simazine and Gramoxone croptopping) and windrowing. This is much cheaper than green manuring, but it means that this application of simazine is not available for later use. Its loss is covered by other control measures in later years.
Economic value of haying and green manuring in IWM Figure 1. Difference in annual gross margins over the 20-year period between a barley-lupin-wheat-wheat rotation with and without barley cut for hay in year 1. Net value of green manuring. Table 8 (based on Table 5 ) shows the net value of green manuring in both rotations, calculated as the difference in annuity between the results with and without green-manured lupins in year 2. Based on standard parameter values, green manuring was not an attractive practice, with negative net values of -$11 and -$13/ha.year. As for haying, the inclusion of a 3-year pasture phase diminished the value of green manuring relative to the continuous cropping sequence, due to the effective weed control provided by grazing and the use of non-selective herbicides. Figure 3 indicates that gross margins were higher in the year after lupins were green-manured in year 2 of the rotations. The increase in gross margin was mainly limited to the first wheat year following the green manuring phase ($16/ha.year), and it was not sufficient to outweigh the up-front costs.
The negative value of green manuring results mainly from the combination of negative and positive influences from 4 factors: (i) direct cost and lost income due to green manuring in year 2 of the rotation; (ii) changes in weed control direct costs other than green manuring; (iii) changes in weed competition over all years; and (iv) greater availability of nitrogen in crops following green manuring. A total of $168/ha in direct costs and foregone income due to green manuring in year 2 was incurred to both sequences, which is equivalent to a $14.10 reduction in the annuity. Of that amount, $2.10 annuity was due to the direct cost of the green manuring operation (including cost of machinery, fuel and risk of erosion) and $12 annuity was due to the yield loss of the lupin crop. On the positive side, including green manuring in the rotations led to a reduction in direct weed control costs of $0.41 for BLWW. Finally, benefits of $2.8 annuity in the cropping rotation and of $0.08 annuity in the pasture sequence were attributed to the combined value of (a) the positive effects of green manuring on the subsequent crop yields, and (b) reduced weed competition over the whole 20-year period.
Sensitivity analysis. As the value of green manuring is likely to depend on the severity of weed infestations, the initial ryegrass and radish seed bank numbers were varied. Furthermore, given the importance of weed seed germination when analysing the profitability of a practice like green manuring, a sensitivity analysis on the annual seed bank decline of both ryegrass and radish was conducted. Several levels of green manuring control efficacy were tested. Finally, 2 levels of lupin weed-free Economic value of haying and green manuring in IWM yield were evaluated. A list of the 6 uncertain parameters and their value ranges used in this sensitivity analysis is shown in Table 9 . The sensitivity analysis on the value of green manuring included a complete factorial analysis with the four weedrelated parameters, the control efficacy of green manuring and the weed-free yield of lupins (Table 9 ). It produced 864 solutions (4 2 × 3 3 × 2) with and 864 solutions without green manuring. Subjectively assigning a probability to each of the 864 net value solutions (Table 10 ) allows the identification of the frequency distribution of the net value of green manuring (Fig. 4) . Figure 4 demonstrates that the net value of green manuring is negative (below -$4/ha.year) in all scenarios investigated. About 80% of the scenarios have a net value lower than -$10/ha.year, with the majority assuming values between -$10 and -$12/ha.year (the mode is -$12/ha.year). The mean of the distribution is -$11.4/ha.year (dashed line) and the median is -$11/ha.year. These results indicate that in this farming system green manuring is generally an unprofitable practice in a continuous cropping situation, particularly when weed numbers are kept low. It appears that other weed control methods are available which can substitute for green manuring at lower cost.
Conclusion
The Multi-species RIM model was used to evaluate the value of including non-cropping phases in the rotation. For this farming system, under the scenarios considered, the inclusion of non-cropping phases such as haying and green manuring was generally found to reduce profits relative to the most profitable continuous cropping sequence. This was despite the fact that most of the evaluated non-cropping options led to very good weed control over the 20-year period.
Results indicate that a haying year in the rotation is a more useful tool against ryegrass than against wild radish infestations, and that it becomes more valuable as initial ryegrass numbers increase. Nevertheless, with a break-even hay sale price above $30/t, cutting crops for hay for weed control remains an unattractive practice for farmers in the farming system modelled.
In the sensitivity analysis of green manuring, about 80% of the scenarios investigated showed a net value lower than -$10/ha.year. However, green manuring does provide very effective weed control and its value increases as the weed burden increases in the system, especially for the dominant weed species (wild radish in this case). The most promising prospects for green manuring appear to be in cases of extreme herbicide resistance, involving the loss of all selective herbicides. 
